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KCNES5 Induces Time- and Voltage-Dependent Modulation of the
KCNQ1 Current

Kamilla Angelo, Thomas Jespersen, Morten Grunnet, Morten Schak Nielsen, Dan A. Klaerke, and
Seren-Peter Olesen
Department of Medical Physiology, University of Copenhagen, The Panum Institute, Copenhagen, Denmark

ABSTRACT The function of the KCNE5 (KCNE1-like) protein has not previously been described. Here we show that
KCNES5 induces both a time- and voltage-dependent modulation of the KCNQ1 current. Interaction of the KCNQ1
channel with KCNE5 shifted the voltage activation curve of KCNQ1 by more than 140 mV in the positive direction. The
activation threshold of the KCNQ1+KCNE5 complex was +40 mV and the midpoint of activation was +116 mV. The
KCNQ1+KCNE5 current activated slowly and deactivated rapidly as compared to the KCNQ1+KCNE1 at 22°C;
however, at physiological temperature, the activation time constant of the KCNQ1+KCNES5 current decreased fivefold,
thus exceeding the activation rate of the KCNQ1+KCNE1 current. The KCNE5 subunit is specific for the KCNQ1
channel, as none of other members of the KCNQ-family or the human ether a-go-go related channel (hERG1) was
affected by KCNES5. Four residues in the transmembrane domain of the KCNE5 protein were found to be important for
the control of the voltage-dependent activation of the KCNQ1 current. We speculate that since KCNE5 is expressed in
cardiac tissue it may here along with the KCNE1 B-subunit regulate KCNQ1 channels. It is possible that KCNE5 shapes

the I current in certain parts of the mammalian heart.

INTRODUCTION

It has become clear that channels are composed of numer-
ous units, which engage into larger complexes. Often the
pore-forming a-subunits interact with other membrane pro-
teins and/or couple to cytosolic components that contribute
to the features of the channel. Some accessory proteins
change the sensitivity of the a-subunit to e.g., Ca?t, pH,
temperature, cell volume changes, or second messengers.
They may direct the membrane localization of channels,
couple channels to the cytoskeleton, or regulate the expres-
sion level of channels. Basic channel properties such as
selectivity, conductance, voltage-dependency and pharma-
cological profile can be changed by these subunit-interac-
tions to an extent where the biophysical characteristics of
the a-subunit become difficult to recognize. Several impor-
tant native currents have been proven to be composed of
such subunits interacting in a non-trivial fashion (Seino,
1999; Peleg et al., 2002).

The KCNE-family is a group of small proteins, which
interact with voltage-gated potassium channels. The
length of the KCNE proteins is between 130 and 167
amino acids and they contain one transmembrane domain
flanked by an extracellular N-terminal and a cytosolic
C-terminal. The first member of the family, KCNEI1
(minK), was cloned in 1988 (Takumi et al., 1988) and in
1999, Abbott et al. isolated KCNE2, 3 and 4 (MiRP1-3)
(Abbott et al., 1999). The functional effect of KCNE1 on
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the KCNQI channel is that the current activates and
deactivates slower than when the KCNQI1 «-subunit is
alone. The voltage sensitivity of the KCNQI+KCNE1
current is shifted toward positive potentials and the
whole-cell current density is increased. Furthermore, as-
sembly of KCNQ1 with the KCNE1 subunit increases the
unitary conductance by fourfold (Sesti and Goldstein,
1998). The current formed by the KCNQ1+KCNE1 com-
plex corresponds to the slow delayed rectifier current,
Ix,, in cardiac myocytes (Sanguinetti et al., 1996; Bar-
hanin et al., 1996). An interaction between KCNE3 and
KCNQI1 gives rise to a constitutively open potassium
channel that plays a role in cyclic AMP-stimulated Cl™
secretion (Schroeder et al., 2000; Grahammer et al.,
2001). Expression of KCNQI together with KCNE2 in
COS cells results in an effect similar to that of the
KCNE3; the KCNQI1 channel transforms into a voltage-
independent channel (Tinel et al., 2000a).

In 1999 Piccini et al. isolated a gene, which they refer
to as the KCNE1-like gene. The KCNE1-like gene is one
of the four genes that are deleted in the AMME contig-
uous gene syndrome (Jonsson et al., 1998). The human
KCNEl-like protein shows 56% homology with KCNEI.
It is composed of 142 amino acids and like the other
members of the KCNE-family it has a single putative
transmembrane domain. The KCNE1-like gene has lately
been suggested to be the fifth member of the KCNE
family and is now referred to as KCNES (Abbott et al.,
2001). To date the function of the KCNES protein has not
been established. Here we demonstrate that the KCNQI1
current is markedly influenced by the presence of
KCNES. We show that the KCNES B-subunit affects the
activation kinetics of the KCNQI current in the same
direction as observed for the KCNE1+KCNQ1 complex;
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however, to a much greater extend. The voltage-activa-
tion curve of the KCNQI current is shifted in the positive
direction toward an activation threshold of +40 mV.
Thus, the KCNQ1+KCNES complex only conducts cur-
rent upon strong and continued depolarization. The effect
of KCNES was specific for KCNQ1 channels; the other
KCNQ channels or the human ether a-go-go related
channel (hERGI1) was not affected by coexpressed
KCNES. Mutagenesis experiments showed that four spe-
cific amino acids in the transmembrane domain of
KCNES are responsible for the regulatory effect.

MATERIALS AND METHODS
Molecular and cell biology

hKCNES, obtained from IMAGE Consortium (EST AI086317, ID
1655937) was PCR amplified and inserted into a custom-made vector
(pXOOM) optimized for expression in both Xenopus laevis oocytes and
mammalian cells (Jespersen et al., 2002). Similarly the hKCNQI1-5,
hERGI and hKCNE1 were inserted in pXOOM. The pXOOM construct
includes the sequence of the enhanced green fluorescent protein (EGFP),
which was used as a marker of successfully transfected cells. The ES/El
chimera was generated by an overlap extension procedure where the four
KCNE!-encoding codons were introduced by oligonucleotides. The integ-
rity of all constructs was confirmed by sequencing.

CHO-K1 cells were cultured according to instructions by American
Type Culture Collection (Manassas, VA). Transfections were done
according to the manufacturer’s instructions with Lipofectamine and
Plus reagent in Optimem! (GibcoBRL, Life Technologies, Rockville,
MD). Cotransfections of a- and B-subunits were made in a 1:1 molar
ratio of the cDNA.

Electrophysiology

Recordings were made using an EPC9 patch-clamp amplifier controlled
by HEKA pulse software version 8.30 (HEKA Electronics, Lambrecht,
Germany). Input data were Bessel-filtered at 1.7 kHz and sampled at 5
kHz. All experiments were performed in the whole-cell configuration
with borosilicate glass pipettes pulled to a resistance of 1.5-3 M{). The
series resistance was always below 10 M) and was 80% compensated.
Capacitative transients were automatically cancelled during an experi-
ment (Sigworth et al., 1995). No leak subtraction was done. Xenopus
oocyte recordings were performed as previously described (Grunnet et
al., 2001).

The standard extracellular solution contains (in mM): 140 NacCl, 4
KCI, 1 MgCl, 2 CaCl,, and 10 Hepes titrated with NaOH to pH 7.4.
The standard intracellular solution contains (in mM): 110 KCI, 5.2
CaCl,, 1.4 MgCl,, 10/30 EGTA/KOH, and 10 Hepes titrated with KOH
to pH 7.2. The liquid junction potential of the standard solution was
calculated to 6.8 mV; however, this was not corrected for in the
presented data with the exception of the reversal potentials of Fig. 4 B.
During experiments the extracellular solution was flowing at a rate of
0.5-1 ml/min and the cell chamber volume was 20 wl. The temperature
of the bath solution was controlled by an inline heater (Warner Instru-
ments, Hamden, CT). XE991 was provided by NeuroSearch A/S, Den-
mark. A stock of 100 mM was prepared in DMSO and diluted in
extracellular solution before use.

Data analysis

Fitting procedures and other data analysis were done using the IGOR
software version 4.04 (Wavemetrics, Lake Oswego, Oregon). To calculate
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values of V,,, the peak amplitudes of tail currents were fitted to the
Boltzmann equation:

[max_[min
+ 1 + exp X ((Vy, — V,)/slope)

Itail (Vm) = [min

where V,,, is the potential of half-maximal activation and the slope is
kT/ze. To determine time constants of activation the current traces from
channel activation were fitted to the single-exponential equation:

I(1) = A X (1 — exp(—t/T,o))

where 7, is the time constant of activation and 4 is the current amplitude

at infinite time. To determine time constants of deactivation tail current
traces were fitted to the double-exponential equation:

I(t) = (Afast X exp(_t/Tl)) + (Aslow X exp(_t/TZ))

where 4, and 4,,, are current amplitudes at time 0. 7, and T, are the time
constants of the fast and slow components, respectively.

The average is presented as mean = S.E. Student’s #-tests were per-
formed using Microsoft Excel. Statistical significance was taken at p <
0.05.

RESULTS
Characteristics of the KCNQ1+KCNE5 current

To test if the KCNES (ES) protein interacts with KCNQ1
(Q1) the subunits were coexpressed in CHO cells and the
electrical properties of the cells were studied by the
patch-clamp technique. Fig. 1 illustrates currents re-
corded from whole-cell experiments performed in phys-
iological solutions on transiently transfected CHO cells.
The cells were clamped at a holding potential of —80 mV
and stimulated for 3 s at potentials from —80 to +100 or
+150 mV in intervals of 5 s. Every depolarization was
followed by a step to —30 mV for 1 s (see Protocol). The
QI +ES current is illustrated in Fig. 1 4. In presence of
the ES subunit both the kinetics and the voltage sensitiv-
ity of the KCNQI1 channel changed significantly as com-
pared to Q1 alone (Fig. 1 B). The QI+E5 current re-
quired long and strong depolarization to activate. The
activation threshold of the Q1 +ES5 current was +40 mV
and activation was still incomplete after 3 s of depolar-
ization (Fig. 1 4). When the Q1 a-subunit was expressed
alone it activated at voltage-depolarizations above —50
mV and in contrast to the Q1 +ES5 current, the Q1 current
was fully activated within 500 ms. Expression of KCNES
alone did not yield any current (Fig. 1 C). This indicates
that the current recorded from Q1+ ES-transfected cells is
not derived from channels formed solely by E5 proteins
or by ES and endogenous channels in the CHO cell.
Currents recorded from a cell cotransfected with the
KCNQI1 channel and the KCNE1 (E1) subunit are illus-
trated in Fig. 1 D. The Q1+EI1 complex activated slower
than the Q1 current, however still faster than the Q1+ES.
The activation threshold for the Q1+E1 was —20 mV,
which was a right-shift compared to the activation thresh-
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FIGURE 1 Effect of KCNES5 on the KCNQI1 cur-
rent. Representative whole-cell recordings from
CHO cells transfected with Q1+ES5 (4), Q1 (B), ES C
(C), and Q1 +E1 (D). Recordings were preformed in
standard physiological solutions and the cells were E5

clamped at a holding potential of —80 mV. Every 5 s
the cells were stimulated with a 3-s pulse of voltages
from —80 to +100 mV or +150 mV in steps of 10
mV and tail currents were recorded by stepping to
—30 mV for I s. For clarity only every second trace
is presented. The scale bar accounts for all traces.
(E) The IV-relationship of the recordings in A-D.
The current amplitudes were measured at the end of
the 3-s pulse and plotted as a function of the poten-
tial. A, Q1; @, Q1+ES5; ¢, E5; O, QI +EI.
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old of Q1 current alone, but the change in voltage sen-
sitivity was much smaller than for Q1 +ES.

The current-voltage relationships of the recordings in Fig.
1, A-D, are presented in Fig. 1 E. The current densities
measured at +100 mV were 21 = 5 pA/pF (n = 7) for Q1
alone, 66 £ 9 pA/pF (n = 12) for Q1+EI, and 55 = 11
pA/pF (n = 20) for Q1 +ES5. Thus cotransfection of Q1 with
E5 increased the current amplitude at +100 mV by more
than twofold as compared to Q1 alone.

The deactivation kinetics was another feature of the Q1
current that was significantly influenced by the E5 subunit.
Within 50 ms the Q1+ES5 current was deactivated by ap-
proximately 80% (higher resolution is shown in Fig. 5). In
contrast, the tail of Q1+E1 (Fig. 1 D) did not reach zero
during the —30 mV pulse showing that the channels re-
quired more than 1 s to deactivate fully.

In Fig. 2 the peak amplitudes of normalized tail currents
recorded at —30 mV are plotted as a function of the pre-
pulse potential for a representative experiment of QI,
QI1+EI and Q1+ES5, respectively. The midpoints of acti-
vation were calculated by fitting to the Boltzmann equation.
The V,,, value of Q1 alone was —24 mV and when coex-
pressed with E1 it was +29 mV. However, when Q1 and ES
were expressed together the V/, shifted in the positive
direction by more than 140 mV. The V,, of the experiment
presented in Fig. 2 was +116 mV. The data behind this V;,
value of QI+ES5 are from tail currents measured after

prepulses ranging from —80 to +150 mV. As can be seen
from the fitted line the plateau of the activation curve for the
Q1+ES channels lay above +150 mV, thus the V/;,, value
should be considered an estimate.
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FIGURE 2 The activation curve of the KCNQ1+KCNES current. Rep-
resentative activation curves of Q1 (A), Q1 +EL (O), and Q1 +ES5 (@). The
peak of the tail currents measured at —30 mV were normalized to the tail
current determined by a preceding pre-pulse at 80 mV (for Q1), 120 mV
(for Q1+El), and 150 mV (for Q1+ES), respectively. Tail current data
were fitted to the Boltzmann function and the midpoints of activation were
calculated: V,,, of Q1 alone = —24 mV (=22 = 3 mV, n = 4); V,,, of
QI+El =29 mV 36 = 6 mV, n = 6); and V,,, of QI+E5 = 116 mV
(109 = 2 mV, n = 5).
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To ensure that the Q1+ ES current was not a phenomenon
specific to CHO cells we expressed Q1 and E5 in COS cells.
We found no apparent difference between the two mamma-
lian expression systems (data not shown).

Piccini et al. (1999) tested the potential function of ES as
a B-subunit for Q1 in Xenopus oocytes but found no effect
of ES. We also investigated the possible interaction between
the two proteins in the oocyte expression system. After
injection of E5 RNA with or without Q1 RNA the resting
potential of the oocytes, which is normally —50 to —40 mV
gradually shifted in the positive direction to potentials of
—10 to 0 mV within 48 h. No Q1+ES5 current or Q1 current
were recorded in these oocytes. In experiments of delayed
injection, where Q1 channels were expressed before the
injection of ES RNA, the Q1 current was suppressed within
16—18 h after ES injection and the same shift in the resting
potential was observed. This indicates that E5 inhibits the
QI channels expressed in the oocytes; however, no Q1+ES5
current was ever detected. The Q1+ES current may be
masked by large endogenous Na™® currents, which were
induced by the prolonged voltage-depolarization (Baud et
al., 1982).

Block of KCNQ1+KCNE5 by XE991

The compound XE991, a derivative of linopiridine, is a
marker of KCNQ currents (Robbins, 2001). To show that
the current recorded from CHO cells transfected with Q1
and ES5 is a Q1 specific current, we applied 100 uM XE991
to the extracellular solution and observed a complete and
irreversible block of the current. In Fig. 3 A current traces
from recording before and after addition of 1.5 uM XE991
are depicted. The Q1 +ES5 current was activated by stepping
to +80 mV for 3 s every 5 s. When XE991 was added to the
bath the Q1+ES5 current was partly and irreversibly blocked
within 2 min (Fig. 3 B). A K value was determined to 1.4 =
0.5 uM (n = 4) by fitting to the time course of blockade
according to Strebak et al. 2000 (Strobaek et al., 2000).

lon selectivity of KCNQ1+KCNE5

In Fig. 4 the ion selectivity of the Q1 pore was studied in the
presence of E5. The recordings were performed on CHO
cells cotransfected with Q1 and ES using bath solutions with
different potassium concentrations. The tail currents in the
insert of Fig. 4 4 were elicited by clamping the cell at +100
mV for 3 s and subsequently stepping to potentials between
—120 and +40 mV (see Protocol). Instantaneous current-
voltage relations were derived by plotting the peak ampli-
tudes of the tails as a function of the potential. The instan-
taneous IV curves in Fig. 4 4 were recorded with 4, 40, and
150 mM extracellular K* ions. As the extracellular K™
concentration increases the reversal potential (V) be-
comes more positive. In Fig. 4 B the V.., values have been

5%

Biophysical Journal 83(4) 1997-2006

Angelo et al.

Control

1.5 pM XE991

w
200 pA

1s
0.8
1.5 EM XE991
04 "%
<
£
T T
2 4 min

FIGURE 3 The KCNQI1+KCNES current was blocked by XE991. (4) A
cell transfected with Q1 and E5 was pulsed every 5 s by clamping to +80
mV for 3 s and to —30 mV for 1 s (see Protocol). Current traces from
recordings done before and after addition of 1.5 uM XE991 to the bath are
overlaid. (B) Time course of the experiment in 4. The current was mea-
sured at the end of the 3-s pulse and plotted as a function of time. The
QI1+ES5 current was irreversibly blocked by XE991. A K, value was
determined to 1.4 = 0.5 uM by fitting to the time course of blockade.

corrected for the liquid junction potential and plotted as a
function of the logarithm of the extracellular potassium
concentration. The slope of the straight line was 54 mV
indicating high potassium selectivity; ideal potassium selec-
tivity gives a slope of 59 mV.

Time constants of activation and deactivation at
22°C and 37°C

The kinetics of the Q1+ES and Q1+E1 currents are com-
pared in Fig. 5. Representative currents of activation to
+100 mV and deactivation to —30 mV have been normal-
ized and superimposed. Subsequently the traces were fitted
to an exponential function to determine the time constants.
The activation traces were fitted to a single-exponential
function, whereas the deactivation curves required a double-
exponential function. Fig. 5 4 and B show the results from
recordings performed at room temperature (~22°C) and
Fig. 5 C and D show the results from recordings at 37°C. At
22°C the Q1+ES current activated with a time constant of
1251 = 90 ms (n = 6); in comparison, the Q1+E1 activated
with a time constant of 715 = 90 ms (n = 3). However, with
a rise in temperature to 37°C the activation time constant of
QI1+ES dropped to 262 * 34 ms (n = 4), whereas the
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FIGURE 4 Ion selectivity of the KCNQ1+KCNES complex. (4) Instan-
taneous current-voltage relations of the Q1 +ES current recorded in three
different concentrations of extracellular potassium. The NaCl in the stan-
dard physiological solution was stoichiometrically substituted with KCI to
final concentrations of 4, 40, or 150 mM extracellular potassium. The
instantaneous IV relations were recorded by activating the channels for 3 s
at +100 mV and subsequently stepping to potentials between —120 to 40
mV in increments of 10 mV (see Protocol). The insert shows tail currents
recorded from a cell superfused with extracellular solution of 40 mM K™
(for clarity only every second trace is presented). The current amplitudes
measured at the peak of the tail (arrow) were plotted as a function of the
potential from three representative experiments. The measured reversal poten-
tial (V,,,) from recordings performed in [K*], of 4 mM was —80 = 2 mV
(n = 4); in [K*], of 40 mM was —28 * 3mV (n = 3); and in [K"], of 150
mM was 5 = 0 mV (n = 3). (B) The V,,, values, which have been corrected
for the liquid junction potential are plotted as a function log[K™"],. The slope
of the straight line is 54 mV, indicative of strong K™ selectivity.

QI +ET1 activation time constant only decreased to 577 =
94 ms (n = 3). The differences in time of activation at
both 22°C and 37°C are less pronounced at potentials
below 100 mV.

2001
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FIGURE 5 Activation and deactivation kinetics of  the
KCNQI+KCNES current, a comparison with the Q1 +E1 current. Trans-
fected CHO cells were depolarized to 100 mV for 5 s followed by a 2- to
3-s-long pulse to —30mV. Time constants were determined by fitting the
activation traces to a single-exponential function and the deactivation
traces to a double-exponential function. The illustrated traces have been
normalized to the maximal current amplitude. Solid lines represent the
fitted curves. (4) Superimposed traces from activation of Ql+ES and
Q1+EI currents performed at 22°C. (B) Superimposed traces from deac-
tivation of Q1+ES and Q1+E1 currents performed at 22°C. (C) Superim-
posed traces from activation of Q1 +E5 and Q1+EI currents performed at
37°C. (D) Superimposed traces from deactivation of Q1 +ES5 and Q1 +E1
currents performed at 37°C. (E) List of 7 values from exponential fitting.
All values are in ms (n = 3-6).

Under all conditions the Q1+ES5 current deactivated fast
compared to the Q1+E1 current. At 22°C the fast and slow
deactivation constants of Q1+E5 were 42 = 4 ms and
4453 £ 1304, respectively. At 37°C the 7 values were 7 £
2 ms (7;) and 7232 *= 2965 ms (7,). The fast components
comprised a fraction of 0.82 £ 0.03 and 0.74 £ 0.07 of the
total tail current amplitude at 22°C and 37°C, respectively.
The slow component from the fitting to Q1+ES tail currents
can largely be attributed to leak. The Q1 +E1 current deac-
tivated with 7, values in the range of hundreds of ms at both
22°C and 37°C. The fraction of the fast components were
0.60 = 0.07 at 22°C and 0.82 = 0.02 at 37°C. All 7 value
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FIGURE 6 Specificity of KCNES. Repre-
sentative whole-cell currents recorded from
CHO cells transfected with a-subunit alone

(left panel) and together with the ES (center
panel). (4) Q2/3, (B) Q4, (C) Q5, and (D)

hERGI. The cells were voltage-clamped ac-
cording to the protocol in Fig. 1. In the right C
panel the average current from between 4
and 10 experiments measured at the end of
the depolarization pulse are plotted as a func-
tion of voltage. @, a-subunit alone; O, with
ES.
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are listed in Fig. 5 E. The changes in temperature had no
influence on the absolute voltage sensitivity of the channel
complex; the activation threshold of Q1+ES was still +40
mV at 37°C.

Specificity of the KCNE5 p-subunit

Some KCNE-subunits have the potential to interact with
members of the KCNQ family other than the Q1 channel.
KCNE2 modulates the deactivation kinetics of KCNQ2/3
(Q2/3) channels (Tinel et al., 2000b) and Schroeder et al.
(2000) found that the KCNQ4 (Q4) current is inhibited in
the presence of KCNE3 (Schroeder et al., 2000). As yet no
B-subunit has proven to change the characteristics of the
KCNQ5 (QS5) channel.

We have studied the possible effect of ES on all known
KCNQ channels. Each KCNQ «a-subunit was expressed in
CHO cells with and without the ES protein. Representative
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whole-cell recordings of the Q2/3-5 channels alone and
with ES are illustrated in Fig. 6, A—C. The IV relations from
4-10 experiments are presented in the right panel. The
current traces are scaled to the same size to allow direct
comparison of the kinetics. No ES effect was observed on
the voltage sensitivity or the current kinetics for any of the
Q2/3-5 channels.

In addition to the experiments performed on the KCNQ
channel we tested for an E5-effect on the hERG1, which is
the molecular component behind the rapid delayed rectifier
current in cardiomyocytes (/,) (Abbott et al., 1999). The
finding that E5 is expressed in the heart together with the
negative result of a Ql+ES interaction in oocytes lead
Piccini et al. to speculate that the hERG1 channel may be a
partner of the E5 protein. HERGI is a likely candidate,
since the E1, 2, and 3 subunits have been shown to interact
with the channel (Abbott et al., 1999; McDonald et al.,
1997; Schroeder et al., 2000). Currents recorded from cells
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FIGURE 7 A KCNES/EI chimera. (4) Alignment of the transmembrane regions of E1 and ES. The amino acids, which have been substituted in the ES/E1
chimera are boxed. (B) A whole-cell recording from a CHO cell cotransfected with Q1 and the ES/E1 chimera. The cell was clamped according to the
protocol in Fig. 1. (C) Superimposed currents of the Q1+ES/E1 chimera (black trace) and the Q1+E5 and Q1 +E1 (gray traces). The cells were clamped
at +100 mV for 5 s and subsequently at —30 mV for 2 s. Each trace was normalized to the maximal current amplitude measured at the end of the 100-mV
pulse. (D) The activation curve of the Q1+ES5/E1 chimera (black line). The peak amplitudes of —30-mV tails from a representative experiment were
normalized to the tail current preceded by a 120-mV prepulse. Tail current data were fitted to the Boltzmann function and V,,, was determined to 58 mV
(54 £ 4 mV, n = 5). The activation curves of Q1+E1 and Q1 +ES5 from Fig. 2 are included for comparison (gray lines).

transfected with hERG1 ¢cDNA alone and in combination
with ES ¢cDNA are presented in Fig. 6 D. The cells were
voltage clamped with the same protocol as the KCNQ
channels. Our recording revealed no effects of the ES pro-
tein on the hERGI current.

In the experiments shown in Fig. 6 there is a tendency
toward lower current densities in cells expressing the a-sub-
unit plus ES as compared to those expressing the a-subunit
alone. Current amplitudes measured at 0 mV were com-
pared and only the current densities of the Q4 channel in the
two situations were found to be significantly different (p <
0.05); the current density of the Q4 a-subunit was 213 = 57
pA/pF (n = 4) and 44 = 14 pA/pF for the Q4+ES (n = 5).

A KCNE5/E1 chimera

Through chimeric studies it has been demonstrated that the
amino acids 57, 58, and 59 in the transmembrane domain of
E1 are responsible for the E1 control of slow QI activation
(Melman et al., 2001). Piccini et al. (1999) have aligned the
transmembrane region of the E5 and E1 protein sequences
and found a homology of 95% (34% identity) (Piccini et al.,
1999)(Fig. 7 A). To examine if this particular part of the ES
protein mediates the effect on the activation kinetics of Q1,
we made an E5/E1 chimera where the E5 residues 72-75

were substituted with the corresponding E1 residues 5659
(boxed residues in Fig. 7 A). Fig. 7 B shows a recording of
the Q1 +ES5/E1 chimera where the cell was voltage-clamped
at potentials between —80 and +100 mV for 3 s followed
by a step to —30 mV for 1 s (same protocol as in Fig. 1).
The Q1+ES5/E1 chimera exhibited a mixture of E5 and E1
features. In Fig. 7 C the current of the chimera elicited by
clamping at +100 mV for 5 s followed by a step to —30 mV
for 2 s has been normalized and superimposed on Q1+E1
and Q1+ES5 traces. The activation of the Q1+ES5/E1 chi-
mera resembled that of Q1+EI1. The time constant of acti-
vation of the Q1 +ES/E1 chimera was determined to 828 =+
69 ms (n = 5). This 7, value was significantly different
from the 7, of the Q1 +E5 (P<0.05) but not significantly
different from the 7, of the QI +E1 (» > 0.05). As can be
seen in Fig. 7 C the tail current of the Q1+ES/E1 chimera
mostly resembles that of Q1+ES. The fast and slow con-
stants of deactivation were 149 = 7 ms and 2505 = 118 ms
(n = 5), respectively. The fast component comprised a
fraction of 0.80 = 0.04. Moreover, the control of voltage
sensitivity by the chimera is different from that of ES5
subunit. The activation threshold of the Q1+ES/E1 chimera
was 0—10 mV and the activation curve in Fig. 7 D shows
that the midpoint of activation (54 = 4 mV, n = 5) was
shifted back in the negative direction to a value closer to
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FIGURE 8 The KCNQI1+KCNES current and the cardiac action poten-
tial. CHO cells expressing Q1 together with E1 or ES were stimulated with
a voltage protocol modeled on the basis of the human ventricular cardiac
action potential (bold black line). The holding potential was —80 mV and
the protocol peaked at +30 mV and had a duration of 300 ms. The action
potential protocol was repeated at a frequency of 2 Hz and all experiments
were performed at 37°C. The presented currents are the subtraction product
of recordings made before and after block by 100 uM XE991. The figure
shows that the Q1 +E1 current rises during the plateau phase of the action
potential and peaks at 90 pA after 220 ms (66 = 18 pA, n = 6). In contrast,
only very little Q1+ES5 current developed under stimulation with an action
potential model (17 = 7 pA, n = 4).

Vi, of the QI+El (p > 0.047) than to the V,, of the
QI+ES complex (p < 0.01).

The KCNQ1+KCNES5 current and the cardiac
action potential

The Q1 channel together with the E1 subunit are thought to
be the molecular components behind the slowly delayed
rectifier current, I, in the heart (Barhanin et al., 1996;
Sanguinetti et al., 1996). Piccini et al. (1999) observed
mRNA of ES in human heart, which lead us to speculate on
the functional consequence of E5 expression in cardiac
tissue. Fig. 8 shows the response at 37°C to voltage-stimu-
lation with a model of the ventricular action potential when
the Q1 channel was expressed in the CHO cells with either
the E1 or the ES subunit. The gray trace in Fig. 8 represents
the Q1+E1 current, which rose slowly during the plateau
phase and reached a maximum of 90 pA after 220 ms (66 £
18 pA, n = 6). Clearly, this outward potassium conductance
contributes to repolarization. At the end of the 300 ms pulse
when the potential dropped back to the holding potential the
Q1+E1 current rapidly decreased. The Q1+ES current is
presented by the black trace. Despite the fast activation of
the Q1+ES5 current at 37°C the right shift in voltage-
dependency lead to strong suppression of the QI current
during execution of the action potential protocol (17 %= 7
pA, n = 4). The average current value was not significantly
different from zero.
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DISCUSSION

Association of the Q1 channel with the ES protein results in
significant changes of the kinetics of the Q1 current. Most
importantly E5 shifts the voltage activation curve of Q1 by
more than 140 mV in the positive direction. Thus, the
Q1+ES channel only activates upon strong and sustained
voltage depolarization, meaning that at physiologically rel-
evant potentials the ES subunit completely suppresses the
QI current. Despite the changes in gating properties the
pore retains potassium selectivity and the current is sensi-
tive to XE991.

The Q1+ES current activates slowly and deactivates rap-
idly compared to Q1 alone, albeit with a significant tem-
perature dependency. When the temperature was raised to
37°C the activation time constant and the fast deactivation
component of Q1+E5 decreased by fivefold and sixfold,
respectively. In comparison the Q1+E1 time constants
changed by onefold and threefold, respectively.

By constructing an E5/E1 chimera we found that the
amino acids 72—75 of the E5 protein were primarily respon-
sible for the E5 control of the activation and voltage sensi-
tivity of Q1. The activation time and V, , of the Q1+E5/E1
chimera were similar to the Q1+E1 current and signifi-
cantly different from those of the Q1+ES current. In agree-
ment with Melman et al. (2001), who found that E1 residues
responsible for control of deactivation lie outside the 57-59
amino acid segment, the ES/E1 chimera retained most of the
ES5 effect on the deactivation kinetics of KCNQI. Thus,
similar to EI there is a physical separation between struc-
tural components of the E5 protein that control activation
and deactivation.

Piccini et al. (1999) found expression of ES in human
heart by Northern blot analysis and they identified E5 in
the heart tissue of mouse embryo with in situ hybridiza-
tion. Our results showed that in a heterologous expres-
sion system E5 strongly suppressed the QI current at
physiological relevant potentials. A reduction or deple-
tion of the /i current has been proved to be associated
with prolonged repolarization of cardiac myocytes (San-
guinetti, 1999). Thus, it could be argued that expression
of ES in the heart would involve a potential danger of
acquiring long QT syndrome type 1. It is well known that
Ix current densities differ between myocardial regions
and between species (Nerbonne, 2000). These differences
in the I, current and other voltage gated K currents are
responsible for the variations in the action potential
waveform of the mammalian heart. Interestingly, the
distribution of the Q1 protein has recently been proved to
be homogeneously distributed throughout mouse heart
(Franco et al., 2001). It could be speculated that the
differences in densities of the /i, current occur through a
differential expression pattern of the ES subunit (as well
as the E1). A corresponding mechanism has been sug-
gested for the transient outward current (/,,), where reg-
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ulation of the KChIP2 B-subunit gene expression ac-
counts for the gradient of /,, current through the
ventricular wall (Rosati et al., 2001). A B-subunit regu-
lation of the /g current would be a fast and dynamic way
of responding to changes in (patho)physiological condi-
tions that involve electrical remodeling.

In this study no effect was found of E5 on the Q2/3, the
QS5, or on the hERG1 channel. However, the Q4 current
amplitude was found to be significantly suppressed in the
presence of ES. It is possible that ES plays a role in regu-
lating the Q4 expression in sensory hair cells (Kharkovets et
al., 2000). AMME patients have diminished hearing sensi-
tivity (Piccini et al., 1999), which could be related to lack of
E5 expression and subsequently malfunctioning of K re-
cycling. Whether ES is expressed in the inner ear has yet to
be studied.

Even though the ES subunit does not change the kinetics
of any of the other channels tested except Q1 it can still be
speculated that ES provides the a-subunits with features
such as sensitivity to second messengers, cell volume
changes, or pharmacological modulators. Here, these pos-
sibilities were not investigated further.

As we learn more about the KCNEs we find that they are
promiscuous in their choice of a-subunit. The KCNE2 and
KCNE3 subunits have been found to interact with members
of the HCN- and Kv channel families (Yu et al., 2001;
Zhang et al., 2001; Abbott et al., 2001). Perhaps the QI
channel is not the only partner of the E5 B-subunit. Apart
from the heart, mRNA of E5 was also observed in human
skeletal muscle, brain, spinal cord and placenta (Piccini et
al., 1999); ES may serve as a B-subunit of other channels in
these tissues.

Our observations question that E1 should be the only
B-subunit regulating the /. current in the heart. We suggest
that the E5 could account for the variations of the /. current
density in the heart. Whether the ES protein couples to the
Q1 channel in vivo will be investigated through localization
studies and immunoprecipitation from native heart tissue
when ES specific antibodies become available.
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study was supported by the Danish Heart Association.
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